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PAPER

Influence of strain relaxation on the relative orientation of ZnO and
ZnMnOwurtzite lattice with respect to sapphire substrates

KAAvramenko1, VPBryksa1, T LPetrenko1, VPKladko1, HVStanchu1, A EBelyaev1, CDeparis2,
J Zuñiga-Pérez2 andCMorhain2

1 V Lashkaryov Institute of Semiconductor PhysicsNASU, 45Nauky pr., 03028Kyiv, Ukraine
2 Centre de Recherches sur l’Hétéro-Epitaxie et ses Applications (CRHEA), CentreNational de la Recherche Scientifique (CNRS), Rue B.

Gregory, F-06560Valbonne Sophia Antipolis, France
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Abstract
ZnOandZn1−xMnxO (  x0 0.07)filmswith 2μmthickness were grown on (0001) sapphire
substrate bymolecular beam epitaxy. X-ray, electronic and optical studies show thatfilms have a single
crystalline columnar structurewith unevenly distributed impurities and defects at the interfaces and
boundaries of columns. ZnO andZn1−xMnxOfilms shows a high-quality hexagonal crystal structure
with ZnO cells rotated by 30° relative to the sapphire substrate.We establish that the lateral coherence
length obtained from x-ray analysis of Zn1−xMnxOfilms is decreased from900 nm to 400 nmatMn
variation from x=0 to 0.07, which corresponds to variation of an average columndiameter in these
films.Wefind that in Zn1−xMnxOfilms the area sizes of coherent phonon decaying are determined
by the coherent areas of concentration homogeneity ofMndistributions which aremuch smaller then
the dimensions of the columns.Modeling of ZnO/Al2O3 interface structure and properties was
performed bymeans offirst-principle density functional theory calculations.We employ an approach
based on the use of large supercells (up to 460 atoms)whichmakes the simulation of interfaces with
very large latticemismatch possible. In this case amorphization of crystal structure in the vicinity of
the interface is appears as a natural result of calculations leading to reduction of internal strains that
that originate from the ZnO/Al2O3 latticemismatch. In all cases the double ZnO layer next closest to
the to interface (as well as the upper layers)maintains a nearly perfect wurtzite crystal structure. Based
on calculationswe propose a newmodel of interfacemicrostructurewhich includes Zn- or
O-monolayers located between conventional ZnO andAl2O3 surfaces. Adhesion energies of ZnO
films to sapphire substrate were calculated for unrotated aswell as for 30° rotated domains in the cases
of Zn- andO-faced ZnO surfaces bothwith andwithout additional Zn- orO-monolayers.
Comparison of these quantities suggests that energy gain at interface formation is somewhat larger for
30°- rotated domains than for unrotated ones.

1. Introduction

ZnObasedwide-band gap semiconductors and corresponding solid solutions have attracted growing interest
during the last decade owing to their great potential for optoelectronic and spintronic applications. Zn1−xMnxO
andZn1−xCoxOmagnetic films show appropriate physico-chemical properties and are technology-compatible
with other semiconductors that are employed for chip fabrication. Promisingmaterials for creation of light-
emitting diodes [1], spin-polarized lasers [2], spin qubits for quantum computers [3] and nonvolatilemagnetic
semiconductormemory [4].

According to the p-d Zenermodel, Zn1−xMnxOcan bemade ferromagnetic at room temperature, which is
attractive for various applications inmicroelectronics, providing that thematerialmay be doped p-type, as the
ferromagnetic exchange betweenMn ions should bemediated by holes.While in some papers the existence of
high temperaturemagnetic ordering is called into question or its detection is complicated by the
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antiferromagnetic ordering caused by existence of secondary uncontrolled structural phases, there are also
claims that ferromatismwas obtained in some samples, inwhich anomalousHall effect [5] and high spin
coherencewith τcoh=178μs [3]weremeasured.

Structural investigations show that Zn1−xMnxOmagnetic films have complexmosaic and block
microstructures with a large number of nonuniformly distributed defects and impurities. In this casemagnetic
orderingmay be the reason for the formation of extended planar defects usually associatedwith higher 3d
metalls concentration near the film surfaces, interfaces and block boundaries [5, 6].

In ZnO, isovalent substitution of the cation by the 3dmetal atomoccurs. The low solubility of such atoms
(only up to a few tents of a percent) is an obstacle for creation of the charge carrier concentration necessary for
formation of themagnetic ordering caused by the free carriers. On the other hand, strongly nonequilibrium
growth of Zn1−xMnxOfilms leads to the generation ofmagnetic clusters and secondary structural phases with
antiferromagnetic orderingwhich destroy themagnnetic order.

In spite of progress inmethods of growing and doping for ZnOfilms,finding the optimal conditions for the
growth of Zn1−xMnxOfilmswith controllable physical properties is still a relevant problem.

Themolecular beam epitaxy (MBE) techniquemakes possible both growth of themost structurally perfect
ZnO andZn1−xMnxO thin films on the (0001)Al2O3 surface andfilm doping. However, a large latticemismatch
(∼30%) leads to complex transformation of the ZnOfilm structures, which cannot be observed for the bulk
material. This give newpossibilities for functional application of the ZnO/sapphire andZn1−xMnxO/sapphire
systems in optoelectronics.

Structural transformation of ZnOhexagonal cells on the (0001)Al2O3 interface [7–9] is caused by a large
latticemismatch between film and substrate whichmay be regarded as the result of relaxation of the strong
deformations inherent in such systems. On the other hand, structural transformations are governed by the
features of new chemical bonds arising at the ZnO/Al2O3 interface during film growth and doping. In particular
it was shown [7] that, depending on the growth temperature, the hexagonal cells of ZnO filmmay be rotated in
the (0001) plane of the Al2O3 surface by 30°.Moreover, at elevated growth temperatures, the existence of both
types of domains (corresponding to rotated and unrotated ZnO cells)may be observed.

For Zn1−xMnxOfilms grown on sapphire using pulsed laser deposition (PLD), both rotated and unrotated
ZnOdomains were observedwith x-ray diffraction (XRD) inf-scans [8]. At the same time, for themost
structurally perfect specimenwith x=0.05, only one 30°- rotated domainwas seen.Other authors claim [9]
that for structurally perfect Zn1−xMnxO/sapphire systemswith  x0.01 0.25, only 30°, domains are
observed. In addition, the importance of initial growth of buffer ZnO layers and the state of the sapphire the
surface for subsequent growth of high-quality ZnO layers have been discussed in a number of papers [10–12].

Therefore, uncertainty about the nature of the rotation of the ZnOhexagonal cell in the (0001)Al2O3 plane
still remains. In particular, rotation itmay be induced by stress originating from the latticemismatch aswell as
by large concentration of structural defects in the ZnO/sapphire system. In this connection the first-principle
methods of interfacemodeling are important tools to get insight into various interface structures.

In this paperwe performed calculations to clarify the nature of the chemical bonds and structural perfection
of the ZnO lattice in the vicinity of the interface together with determining of the relative stabilities of various
interface structures including rotated and unrotated domains. The important role of zinc and oxygen
monolayers on the sapphire surface is predicted usingfirst-principle simulation as well. In additionwe
investigate structural characteristics of ZnO andZn1−xMnxOfilms grown on sapphire usingMBE. Employing
complex scanning high-resolution optical and x-ray diffractionmethodswe obtained new information about
influence of growth conditions on the physico-chemical properties of ZnO films and theirmodification after
dopingwithMn.

2. Experimental details

TheZn1−xMnxO filmswere grown on c-sapphire substrates in a Riber EpineatMBE systemwith effusion cells
designed to be used in ambient oxygen to produce elemental Zn andMn. Atomic oxygenwas supplied via an
Addon radiofrequency plasma cell equippedwith a high-purity quartz cavity. Prior to the growth, the sapphire
substrates were exposed to the oxygen plasma for 20minutes at 700 °C–730 °Cand then cooled down to growth
temperature under the plasma-activatedOflux. The growth of the Zn1−xMnxOfilmswas carried out at 560 °C,
and resulted in 2D growthwith facets for the largerMn contents. The reflection high-energy electron diffraction
(RHEED) snapshots can be found in [13]. For comparison, the ZnO reference sample was also grown at 560 °C.
While its growth started an 2D, theRHEEDpatterns turned to 3Dduring the growth due to a reduction of the Zn
sticking coefficient with temperature at 560 °C, the 2D growth regime beingmaintained only up to 520 °C–
530 °Cwith the Zn/Oflux ratio used. The thickness of allfilmswas set at about 2μm.

2

Mater. Res. Express 3 (2016) 095902 KAAvramenko et al



X-ray investigations were performed using a high-resolution diffractometer PANalytical X’Pert PROMRD
(CuKa1-radiation) suppliedwith a four-bounce asymmetric Ge220monochromator and a triple-bounce
analyzer. The reciprocal spacemap and diffraction rocking curves obtained in the triple-axis schemewere used
to analyze structural parameters. X-ray diffraction patterns andRaman scattering in Zn1−xMnxOfilmswere
used to ascertain the overall structure and phase purity.

Confocalmicro-Raman spectra were collected using a Jobin-YvonT64000 triple spectrometer equipped
with aCCDdetector.Measurements were performed using the 488.0 nm line of amixedAr+/Kr+ ion laser with
output power less than 10 mW.AnOlympusBX41microscope suppliedwith a×100 objective possessing
NA=0.90 at room temperature was used to focus laser light on the sample and collect scattered light into the
spectrometer. The atomic forcemicroscopy (AFM)measurements were performed by aDimension 3000Nano-
Scope IIIa scanning probemicroscope. In addition, the Zn1−xMnxOsamples were studied using the ZEISS
EVO-50 scanning electronmicroscope (SEM).

3. Results and discussion

3.1. Surfacemorphology
Typical SEM images of the surface and cross-section of studiedMBE-grownZn1−xMnxOepitaxial filmswith
differentMn consentration are presented infigure 1. The surfacemorphology of theMBE-grownZnOepitaxial
filmwas typically quite smooth, consisting ofmoundswhich resulted fromkinetic roughening (figure 1(a)). The
averagemound size is 200 nm,which typically occurs when the growth proceeds by two-dimensional
nucleation. The SEM images near the chipped edge of the studied ZnO/saphire structure show a column-like
structure along the growth direction (inset infigure 1). AfterMn incorporation, the film surfacemorphology
drastically changes; specifically there is an increase in the irregularity of thefilm (figures 1(b), (c)). This caused
reduction of the averagemound size from130 to 80 nmwith increasingMn concentration in the Zn1−xMnxO
films fromx=2% to 7%, respectively.

The average surface roughnessRa of Zn1−xMnxOfilms, determined usingAFM, increases with increasing of
Mn concentration in Zn1−xMnxOwith x=0% (1.8), 2% (3.5) and 7% (5.0), respectively. Such behaviour is
consistent with previous studies [14]where increased dislocation density in nitride filmswith decreasing surface
roughness was observed (see table 1).

3.2. Structural analysis
X-ray diffractionmeasurements were performed to investigate the crystal structure of Zn1−xMnxOfilms grown
on anAl2O3 substrate (figure 2). Symmetrical (0002) and (0004) reflections fromZn1−xMnxOfilms in 2ΘXRD
spectra are indicative of theirmono-phase wurtzite structure (P63mc space group). The (0006) reflection in the
XRD spectra corresponds to anAl2O3 substrate, while the high intensity of the (0002) reflection affirms that
epitaxial Zn1−xMnxO filmwas grown in the [001] crystallographic direction (on a c-sapphire face). This
correlates with SEMmeasurements of such films (figure 1).

The lattice parameters of undoped ZnO film (a= 3.2495Å, c= 5.2069Å) correlate well with the parameters
of bulk crystal (a= 3.2495–3.2501Å, c= 5.2057–5.206Å) [15], that confirms the high quality of thewurtzite
crystal structure of undoped ZnO film. As can be seen from the inset infigure 2, increasing theMn concentration
in Zn1−xMnxOfilm leads to an increase of the lattice parameter c as a result of the substitution of theMn2+

(0.66Å) ions for Zn2+ (0.60Å). For the Zn1−xMnxOfilms under investigation, the positions of recorded (0002)
reflexes are shifted as comparedwith the corresponding values for ZnO single-crystal (34.40°)when the
concentration ofMn atoms is increased.

TheXRD spectra infigure 2 show a decrease in peak intensity and an increase in the full width at half
maximum (FWHM) for the (002) reflections with the increase of Zn1−xMnxOfilm doping owing to the presence
of residualmicro stress in the films. ForMn-doped ZnOfilms, secondary structural phases such asMnO,MnO2,
Mn3O4 andZnxMn3−xO4were not registered in 2ΘXRD spectra reflexes. This confirms the uniform
embedding ofMn atoms in ZnOwurtzite lattice.

It is known that stress in the Zn1−xMnxOfilms is a result of both intrinsic and extrinsic components [16, 17].
The intrinsic component is related to the trapped point defects (interstitial Zn atoms and oxygen vacancies) and
to extended defects (dislocations, stacking faults and twins) that appear as a result of deviation from the
equilibrium growth conditions andMndoping. Themacro stress arising is related to the lattice parameters (σlat)
and thermal expansion coeficients (σth)mismatch between Zn1−xMnxO film andAl2O3 substrate, and is defined
asσxx=σth+σlat.

Themagnitude of residual deformation in Zn1−xMnxOfilm on anAl2O3 substrate ismainly defined by e
lat

(deformation caused by amismatch in the lattice parameters between thefilm and substrate) aswell as by the
thermal deformation e ,therm which is one order ofmagnitude smaller. The lattice parametermismatch between,

3

Mater. Res. Express 3 (2016) 095902 KAAvramenko et al



the undoped ZnO (aZnO= 3.25Å) andAl2O3 Å)=a 4.75Al O2 3
is defined as fmis=(aZnO–aAl O2 3

)/aAl O2 3

´ 100%, and is on the order of−30%. In this case the negative sign indicates the tensile deformation on the
ZnO/Al2O3 interface [18]. Figure 3 displays the in-plane azimutal angle scans of the Zn1−xMnxOfilms. The
scanning planes used herewere (10− 11) for ZnO and (11− 21) for sapphire. It is seen that thewurtzite
(10− 11) in-plane direction is parallel to the (10− 12)plane of sapphire, indicating a 30° rotation of the ZnO

Figure 1. SEM images of Zn1−xMnxO thin films: (a) pure ZnO, (b) 2% and (c) 7%Mn-doped samples.

Table 1.The properties of Zn1−xMnxO films. The òxx and òzz strain components, LCL and screw
dislocation density (NS) are given.

x òxx òzz a c LCL Ns

(nm) (nm) (nm) 1010(cm−1)

0 0.00127 −0.00075 0.3254 0.5203 889 6.95

0.02 0.00156 −0.0016 0.3258 0.52045 738 7.18

0.07 0.00186 −0.0020 0.3264 0.52076 413 9.72
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unit cell with respect to that of the Al2O3 substrate. In this case the lattice parametermismatch between ZnO
(aZnO= 3.25Å) andAl2O3 ( Å=a 2.75Al O2 3

) is+18% [19]. The rotation of ZnOmosaic blocks on the Al2O3

substrate leads to compresive deformation of the ZnO films. The increase in theMn concentration causes the
same rotation angle, 30°, for both x=2%and 7%.

The in-plane (òxx= òyy) and out-of-plane (òzz) strain components of Zn1−xMnxOfilmswere calculated
according to equations (1), (2), and (3) [20, 21] and equation (4) [22]:

( ) = =
-a a

a
, 1xx yy

0

0

Figure 2. 2ΘXRD spectra of the Zn1−xMnxOfilms: (1) pure ZnO, (2) 2%, (3) 7%Mn-doped samples. The dependence of the lattice
parameter c for Zn1−xMnxO films on theMn concentration is shown in the inset. The error bars shown therein are determined by the
errors inXRDpeak positions.

Figure 3.TheΦ-scan of Zn1−xMnxO thin films: (1)pure ZnO, (2) 2%, (3) 7%Mn-doped samples in the (10–11)plane and (4)Al2O3

substrate in the (11 − 21) plane.
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( ) ( )  = - -
C

C
, 2zz xx yy

13

33

( ) =
-c c

c
, 3zz

0

0

( ) ( )= + --A xA x A1 , 4Zn Mn O MnO ZnOx x1

where a and c aremeasured lattice parameters.A in equation (4) stands for lattice parameters and elastic stiffness
coefficients (a0, c0,C13 andC33, respectively)which correspond to the fully relaxed Zn1−xMnxOfilm.AMnO and
AZnO refer to the values for the bulk crystals [23, 24].

From the inset infigure 2 it is clear that Zn1−xMnxOfilms undergo tensile strain in the x and y directions, and
that themagnitude of the strain increases withMn concentration [19]. The deformation value  

lat for undoped

ZnOfilm is · -1.27 10 3 and corresponds to tensile deformation in the ZnO growth plane. As can be seen from
table 1, the increase in theMn concentration in Zn1−xMnxOfilms leads to an increase in the  

lat deformation

from · -1.56 10 3 to · -1.86 10 3 for x=2%and 7%, respectively.
Since the Zn1−xMnxOfilm thickness exceeds the critical value, and thefilm is partially relaxed due to the

dislocation density on the order of 1011cm−2, we conclude that the residual deformation in the Zn1−xMnxO
films is caused by themismatch of the thermal expansion coefficients ( ·= - -

a 5.25 10 KAl O 6 12 3 for Al2O3[25],

and aZnOP =4.75·10−6K−1 for ZnO [26]). Since > a aAl O ZnO2 3 at room temperature, a tensile deformation in

the growth plane of ZnOoccurs, which correlates with the experimental data.
TheWilliamson-Hall procedure for the x-ray diffraction peak (XDP) broadening analysis was applied for

symmetrical (002), (004) and (006)ω-scans (figure 4).We have used the Pseudo-Voigt function tofit the XDPs.
The lateral correlation length (LCL) and tilt (α) distribution of themosaic blocks are themain reasons for the
broadening of the XDPs and can be separated by plotting (β sin(θ)/λ)n against (sin(θ)/λ)n for each reflection and
can befittedwith a straight line [27, 28]. Here,β is the FWHMof theXDP, 2Θ is the scattering angle,λ is the
x-raywave length and n takes values from1 to 2 (n= 1+ (1−f)2) depending on the value of fwhich define the
Lorentzian content in the Pseudo-Voigt distribution.

TheWilliamson-Hall plots for Zn1−xMnxO films are shown infigure 4. From the intersection of thefitted
linewith the ordinate axis (y0) the LCL can be estimated (LCL= 0.9/2y0), whereas the average value ofα is
obtained from the slope of the linear dependence. The LCL values of investigated Zn1−xMnxOfilms are listed in
table 1. The average values of LCL=889 nmandα=0.047° for undoped ZnO filmwere obtained and can be
compared to the average size of columns. Besides, as can be seen from table 1, the LCLdecrease with the increase
inMndoping. Since the increase in doping of Zn1−xMnxOfilms leads to an increased density of crystallization
centers (nucleation), this results in a decrease in the of average column size in doped films.

3.3. Raman scattering
ZnOcrystallizes in the hexagonal wurtzite structure and belongs to the P63mc space groupwith four atoms per
primitive unit cell. According to the group theory analysis in theΓ-point of the ZnOBrillouin zone, phonon
modes belong to the following irreducible representations:Γopt=A1(Z)+2B1+E1(X,Y)+2E2, whereX,Y
andZ are directions of light polarization.ModeswithA1(Z),E1(X,Y) andE2 symmetries are active in Raman

Figure 4.TheWilliamson-Hall plot for the symmetrical (00 l)Zn1−xMnxOreflections (l = 2, 4, 6).
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spectra, while themodeswithB1 symmetry are the so-called ‘silent’-modes i.e., thesemodes cannot be observed
in Raman spectra. Phononmodes ofA1 andE1 symmetries correspond to vibrations of atoms along and
perpendicular to the crystallographic c-axis, respectively. These polarmodes are split inΓ-point on the
longitudinal (LO) and transverse (TO) optical phonon branches by the longitudinalmacroscopic electric field.
The non-polarEhigh2 phononmode corresponds to vibrations of oxygen atoms in the anion sublattice, whileElow2

corresponds to vibrations of atoms in the cation (Zn) sublattice in the plane perpendicular to the c-axis of
wurtzite ZnO. Allmicro-Raman spectrawere registered in z(x, x) z̄ backscattering geometry (z-direction is
parallel to thewurtzite c-axis). It should be noted that in thefirst order Raman spectra of the Zn1−xMnxOfilms
scattering onA1(LO), E

low
2 andEhigh2 phononmodes is allowed.

Figure 5 shows the Raman spectra of undoped ZnOfilm grown on a (0001)- sapphire substrate. The
appearance in Raman spectra of intense Elow2 andEhigh2 phononmodes at 99.3 and 438.3 cm−1 with FWHM (Γ)
equal to∼1.6 and 5.9 cm−1, respectively, confirms the high quality wurtzite structure of the undoped ZnO
films [29, 30].

The frequency position of theEhigh2 phononmode of ZnO films is shifted to the high-frequency side by
Δω≈1.3 cm−1 comparedwith the corresponding frequency for bulk ZnO (437.0 cm−1). This is a consequence
of the presence of tensile strain in the plane perpendicular to the c-axis and rotation of the ZnOunit cell by 30°
relative to the sapphire substrate, which is consistent withXRDdata (table 1). The phononmode at 332.0 cm−1

corresponds to the two-phonon Ehigh2 -Elow2 scaterringwhich follows from the temperature dependence of the
scattering intensity. In Raman spectra the low-intensity phonon line at 574.0 cm−1 is characteristic of the high-
crystal quality of ZnO films due to the process of destructive interference between the Florichmechanismof
interaction and the deformation potential in the LOphonon scattering process in ZnO [31]. Also, in theRaman
spectra of the investigated films, the phononmode ofA1g symmetry at 418 cm−1 originating from the sapphire
substrate is recorded.

After the incorporation ofMn into the films a low-frequency shift, a reduction of the intensity, and aswell as
an increase of the FWHMwere observed for the Ehigh2 andElow2 phononmodes, as comparedwith pure ZnO film
(figure 5). This is caused by an increase of the structural disorder in Zn1−xMnxO films.Moreover, we note that
phonon bands that correspond to formation of secondary structural phases or precipitates, such asMnO,
MnO2, ZnMn3O4 or ZnxMn3−xO4 [32], were not registered in theRaman spectra of the investigated Zn1
−xMnxOfilms. This suggests thatMn atoms can be incorporated into thewurtzite ZnO structure as
substitutional or intertitial defects, or are localized at the complicated interfaces and boundaries.

In the Raman spectra of Zn1−xMnxO films, the so-called additionalmode (AM) at∼520 cm−1 is recorded
[33, 34]. The appearance of this bandmay be considered as confirmation of the embedded atommodel. In this

Figure 5.Raman spectra of Zn1−xMnxO thinfilms: (1) pure ZnO, (2) 2%and (3) 7%Mn-doped samples.
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case AMmode is treated as local vibrations ofMn atoms incorporated in cation sublattice of ZnO (figure 5). The
intensity, frequency and formof the AMmode do not depends on the concentration ofMn at x<0.1,
confirming the assumption of the formation of a Zn1−xMnxOfilm. This band lies in the 500–600 cm−1 spectral
region and has an asymmetrical and broad shape. At least two Lorentzian contours are necessary to provide the
bestfit to its shape.

Polarizationmeasurements in backscattering geometry, namely x(z, z) x̄, z(x, x) z̄ and x(y, y) x̄ did not
register any changes of AM inRaman spectra of Zn1−xMnxOfilms. Thismeans that AMmode is not responsible
for the phononswithA1 andE2 symmetries permitted in these scattering geometries. Also, the shape of the AM
recorded at low temperature (6 K) depends on the excitation energy and has the opposite temperature
dependence to that of the phonon bands. These facts indicate the electron-phonon nature of AMand I2 bands.

In the Raman spectra of dopedZn1−xMnxOfilms the I1 broad band in the frequency range of 445–500 cm
−1

is registered (figure 5). To elucidate the nature of this bandwe note that electronmicroscopic studies have
proved that themorphology of the surface was changed afterMndoping. In particular, the averagemound size is
decreasedwhile roughness is increased. As a consequence, the relative number of atoms located near the surface
and interface is increased as comparedwith the ones in the interior of the offilm. This can lead to registration of
the surface opticalmode (SOP) in the Raman spectra of ZnO films [35], nanorods [36] and nanoparticles [37]
dopedwith transitionmetal atoms. Since the I1 band is detected in the frequency range between the LO andTO
phononmodes and its frequency position does not changewith increasingMn concentration, I1 can be
attributed to the surface vibtations in Zn1−xMnxOfilms.

Figure 5 shows that when theMn concentration in Zn1−xMnxOfilms is increased, an increase in the FWHM
for theEhigh2 phononmode is observed. Also, the low-frequency asymmetry broadening occurs comparedwith
undoped ZnOfilmdue to the effect of spatial localization of phonons. Amodel of strong spatial localization of
phonons (spatial correlationmodel SCM)wasfirst developed by Richter for nc–Si of spherical form [38] and
later extended byCampbell [39] to different shapes of nanocrystallites. It canmanifest itself as a shift and
asymmetrical broadening of the fundamental phononmodes depending on the size and formof nano-objects.

The phononswithwave vectors q=0 (the center of the Brillouin zone) can only take part in theRaman
scattering process in the ZnObulk crystals for symmetrical lines with Lorentz shape. InMn-dopedZnO films
the infinite lattice periodicity is violated, i.e. phonons are spatially limited by the small size of the periodic
structure. This leads to an uncertainty in the value of thewave vector ¹


q 0, and phonons fromall points of the

Brillouin zone can appear in the Raman spectra.
Due to the downward behaviour of dispersion Ehigh2 phonon branches in the vicinity of theΓ point, the low-

frequency shift and asymmetric broadening of the Ehigh2 phononmodes are observed in Raman spectra of the Zn1
−xMnxOfilms as comparedwith the corresponding spectra of the undoped ZnO film. The SCMmodel allows
characterzation of crystal lattice quality by introducing an important parameter L - ‘correlation length.’The low-
frequency phononmode shift is proportional to correlation length, which is the average size of thematerial
homogenity, i.e. the average distance between defects (e.g., twins, stacking faults, vacancies, boundaries, pores
etc [40]). According to theoreticalmodels of spatial localization (confinement) developed by Richter [38, 39] the
intensity of phonon I(ω)mode can bewritten as

( ) ∣ ( )∣
( ( )) ( )

( )òw
w w

=
- + GI

C q d q

q

0,

2
, 5

q

2 3

2
0

2

where ∣ ( ) ∣ ∣ ( )∣= -C q q L0, exp 42 2 2 is the Fourier coeficient,Γ0=6 cm−1 is the FWHMfor the phononmode
of undoped ZnO film,ω(q) is the dispersion of theEhigh2 phonon branch vibrations, which can be represented as
ω(κ)=A+B cos(πκ)withA=ω0 (see table 2) andB=12.5 cm−1 for theEhigh2 phononmode of bulk ZnO
[41]. The integration in equation (5) is carried out over the entire Brillouin zone.

Simulations of experimental Raman spectra of Zn1−xMnxOfilms according to equation (5) have allowed
determination of a phonon correlation length (PCL) (see table 2).We note that LCLmeasured byXRDprovides
an estimate of the size of nearly perfect crystal domains over which the crytalline order exists. This coherence
length is sensitive to imperfections comparable to the x-raywavelength (0.154 nm), and thus reflects the
presence of crystallographic disorder and extended defects. In contrast the PCL allows one to obtain a

Table 2. Frequency positionω0, FWHMΓ, value the asymmetrical
ratioΓleft/Γright and correlation length L of phononmodes of Zn1
−xMnxO films.

x Γ (cm−1) Γleft/Γright ω0 L (nm)

0 5.87 1.32 438.34 36.8±2.0

0.02 8.62 1.23 437.74 16.7±1.0
0.07 14.18 1.12 437.03 10.8±1.0
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quantitative estimate of volumeswith perfect structure and is sensitive, among other things, to alloy fluctuations
(i.e. to a nonuniformdistribution ofMn) in the single crystalline columnof Zn1−xMnxOfilms. The existence of
suchfluctuations in doped films decreases the finite phonon propagation from L=37 nm to 10 nm for a
variation ofMn concentration from x=0 to 7%. For the undoped ZnOfilm, the obtained PCL value of 37 nm
agreeswell with data presented in [19]. Namely it was shown that 2DZnO layers grown byMBEon sapphire
consist of amosaic structure with columnar subgrains with diameters ranging from25 to 75 nm. In contrast the
LCL value corresponds to a relatively large film areawhich includes adjacent crystallites with nearly equal tilt and
twist angles. This parameter depends indirectly on theMn content through influence of the doping on thefilm
morphology, 2D versus 3D growthmode, dislocation density and nonuniformity ofMndistribution (see
figure 1 and table 1).

4. First-principlemodelling of theAl2O3/ZnO interface

It is well known that in the case of a small latticemismatch (∼1%) between the substrate and deposited film,
ab initio simulation of the interface is a relatively simple task andmost current investigations avoid going beyond
these limits [42]. In our case of ZnOfilms deposited on the bulk sapphire substrate themismatch between
primitive lattice cells is as large as 30%and the cannot befitted to one another. A possible solution to this
problem is accommodation of supercells instead of (1× 1) conventional cells [43]. In particular, if an (m× n)
supercell for the substrate coincidewell with a (k× l) supercell for the deposited film then itmay be used for the
first-principle interfacemodelling.

In the case of ZnOfilm on anAl2O3 substrate two possibilitiesmust be considered. Thefirst corresponds to
the casewhere the axes of conventional cells for bothfilm and substrate are parallel, while the second possibility
corresponds to rotation of thefilm by 30°with respect to the substrate. In accordance with experiment [7, 25, 44]
both possibilities offilm growthmay be realized depending on the growth conditions. To simulate the structure
and energetics of such interfaces onemust choose the appropriate supercells, as shown infigure 6 and 7 for
unrotated and rotated films, respectively. In particular the (2× 2) conventional hexagonal cell for the Al2O3

Figure 6.Bravais lattices of Al2O3 substrate (s subscript, larger red filled circles) andZnOfilm (f subscript, smaller blue filled circles) in
the case of unrotated ZnOdomains. Unit cells used for substrate and film are shown by dotted lines. The 5×2 and 4×5 supercells
for substrate and film based on these cells are representedwith solid red and blue lines, respectively.

Figure 7.Bravais lattices of Al2O3 substrate (s subscript, larger red filled circles) andZnOfilm (f subscript, smaller blue filled circles) in
the case of 30° rotation of ZnOdomains. Unit cells used for substrate and film are shown by dotted lines. The 2×2 and 3×3
supercells for substrate andfilm based on these cells are representedwith solid red and blue lines, respectively.
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substrate infigure 7fits the (3× 3) cell of rotated ZnO filmswell (themismatch is only 2.3%,which induces
compressive strain in ZnO films).

For unrotatedfilmswe use the supercells based on the nonconventional cells for both sapphire andZnOas
shown infigure 7. In this case the (5× 2) supercell for Al2O3 coincides with the (4× 5) one for ZnOwith a
relatively smallmismatch of 1.5% in the b direction and 5.7% in the a direction, leading to stretch deformation
of grownZnOfilm.However, the computational demands of this approach becomeheavy and so t has seldom
been used in practice.

For this reasonwe perform first-principle DFT calculations using Siesta [45, 46], which at present is one of
the fastest DFT codes due to its use of a numerical basis that has possess the value of exactly zero beyond the
cut-off radius.Modelling of the interface was carried out using periodic slab calculations with a cell size equal to

Figure 8.Model systems for adhesion energy calculation in the case of a ZnOdomain rotated by 30%with (a) andwithout (b)
O-monolayer in the case of Zn-faced ZnO.

Table 3.Calculated energy gainwhenZn orOmonolayers are intro-
duced at the ZnO/Al2O3 interface. The number of atoms in the
monolayer is equal to 20 in the case of unrotated ZnOfilm and 9 in
the case of a rotatedfilm. The upper limit forΔE for a Zn-mono-
layer corresponds to the free atomand lower limit corresponds to the
chemical potential of Zn atoms in a bulkmetal.

Atoms of Termination of ZnO ΔE

monolayer ZnO surface slab (eV/Å2)

O Zn Rotated 0.171

Zn O Rotated 0.208–0.333

O Zn Unrotated 0.131

Zn O Unrotated 0.170–0.280
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40 Å in the z direction in all cases. This ensures aminimumof 20Åof empty space between slabs whichwere
used for simulation of various types of interfaces and their constituents.

TheGGA exchange-correlation functional of Perdew, Burke and Ernzerhof (PBE) [47, 48], the (2× 2× 1)
Monkhorst-Pack grid for integration over the Brillouin zone, and a double-zeta plus polarization basis for atoms
of Zn,O andAl (DZP)were used.Herein semicore 3d electrons for Zn atomswere treated as the valence ones.
Back surfaces of ZnO-related slabs were saturatedwith pseudohydrogens (Z= 0.5 orZ= 1.5) suppliedwith a
single-zeta basis to enhance the self-consistent field convergence and save computation time. In all cases norm-
conserving pseudopotentials of Troullier-Martins type [49]were employed. In addition, Fermi level smearing
[50]with electronic temperature of 0.01 Rywas used to eliminate the SCF convergence problems. The influence
of this parameter on the calculated energy differences normalized on the surface area is negligibly small.

For simulation of the ZnO/sapphire interface we suppose that the lattice constant of thin ZnOfilm always
accommodates to the one for bulk supphire. For slabs containing both ZnO andAl2O3 (or only Al2O3)weused
the experimental bulk lattice constant for Al2O3, while for a ZnO slab alonewe use the experimental value for
bulk a ZnO. The sizes of sapphire slabs in the zdirection correspond to the size of conventional cells for bulk
crystal (12.991Å). Thewurtzite ZnO slabs used for calculations contain three double ZnO layers with capped
bond pseudohydrogens on the back surface of a slab. The geometry optimization in all cases was performed
without any constraints. In this away, the initial stage of ZnO film growth is simulated.

4.1. Structure of Al2O3 surface: comparisonwith other calculations and experiment
It is generally accepted [51] that themost stable surface termination ofα−Al2O3 (0001) is a single Al layer.
Hereat, the first Al–O interlayer spacing is significantly contracted (down to 0.4Å) as comparedwith the bulk

Figure 9.Model systems (slabs) for adhesion energy calculation in the case of domain rotated by 30%with (a) andwithout (b)Zn-
monolayer forO-faced ZnO. Two indicated extreme values forEadh correspond to Zn atoms transferred fromdifferent reservoirs to a
monolayer located at the interface: the larger quantity results from the choice ofμZn as a free-atom value the smaller to bulk zinc
metal.
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spacing equal to 0.83Å. Qualitatively, thismeans that oxygen atoms shift up and are placed close to the surface.
Earlyfirst principle LDA-based calculations [52] qualitatively confirm this experimental conclusion.However,
the calculatedAl–O interlayer spacing is underestimated and as only 0.128Å. Our calculations usingGGAPBE
functional give a somewhat better value of 0.224Å.We notice that in this case comparison of calculated values
with experimental result is not straightforward because of strong anharmonicity suggested for atoms located on
the Al2O3 surface [49].

Onemay suppose that this surface structure when bothAl andO atoms of the first and second layers are
located near the sapphire surface facilitates creation of additional bonds and increases the adhesion energy of the
ZnOfilm to the sapphire substrate.

4.2. Zinc and oxygenmonolayers located at the interface—new insight into the interface structure
A priori one can suppose that there is a conventional structure of interface betweenZnO andAl2O3 as shown in
figures 8(b)–11(b). The adhesion energymay be defined as the energy difference between slabs representing
isolated ZnO andAl2O3 and a structure with the corresponding interface:

( )( ) ( ) ( )= + - +E E E E , 6adh ZnO Al O ZnO Al O2 3 2 3

It is seen that the adhesion energy is sufficiently large to form the stable interface in the cases of bothO-faced
andZn-faced ZnO surfaces. However onemay predict the existence of different interface structures which are
energetically preferable.We suppose that the interface is in thermodynamic equilibriumwith reservoirs
containing Zn andO atomswith chemical potentialsμZn andμO, respectively. Thenwe insert an additional
monolayer ofO (Zn) atoms between the Zn-faced (O-faced) surface of ZnO and theAl2O3 and calculate an
energy gain according to relations these:

Figure 10.Model systems for adhesion energy calculation in the case of unrotated ZnOdomainwith (a) andwithout (b)O-monolayer
in the case of Zn-faced ZnO.
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[ ] ( )( ) ( ) mD = - ++ + - +E E E n , 71 ZnO Al O Zn monolayer Al O ZnO Zn2 3 2 3

[ ] ( )( ) ( ) mD = - ++ + - +E E E n , 82 ZnO Al O O monolayer Al O ZnO O2 3 2 3

for oxygen in gas phase m m= 2,O O2
while  m m mZn

0
Zn Zn

at may be varied between the free atomvalue and
the value corresponding to the bulkmetal. Thus the chemical potential of Zn depends on the growth conditions
andmay be changeable in some limits. Table 3 represents the energy gainwhen an additionalmonolayer is
inserted between substrate and grownZnOfilm.

Results presented in table 3 show that in all cases there is a noticeable energy gainwhen both Zn- andO-type
monolayers are introduced at the interface as compared to the case when these atoms are placed in the
corresponding reservoirs. This result suggests that such amonolayer is thermodynamically stable and therefore
one cannot correctly describe interface energetics when themonolayer is not included in the interface structure.
However these resultsmust be regarded only as illustrative and qualitative ones because an optimal number of
atoms in themonolayer is still unknown and specific investigation is needed. In table 3, the number of atoms in
monolayer was chosen to be equal to the number of corresponding atoms on the surface of slab. E.g. we suppose
that the number ofO atoms in themonolayermust be equal to the number of Zn atoms on the Zn-faced surface
of ZnO and vice versa. In addition, the possibility of the existence of somemixture of Zn andO atoms in the
monolayermust be considered in rigorous calculations aswell. Nevertheless we believe that the location of the
monolayer at the interface is proved in principle due to the sufficiently large values of energy gains shown in
table 3.

Therefore the location ofO- or Zn-monolayers at the interface corresponds to thermodynamic equilibrium
andmustmanifest itself in certain conditions, e.g. at a relatively low temperatures at the initial stage of the ZnO/
Al2O3 growth process. Therefore it is worth considering the growth technique suggested in [12]. In this work the
purposeful deposition of a singleO-monolayer on the sapphire (0001) surfacewas performed at 300 °C followed

Figure 11.Model systems (slabs) for adhesion energy calculation in the case of unrotated domainwith (a) andwithout (b)Zn
monolayer forO-faced ZnO. Two indicated extreme values forEadh correspond to Zn atoms transferred tomonolayer located at the
interface fromdifferent reservoirs: the larger quantity results from the choice ofμZn as a free-atom valuewhile and the smaller to bulk
zincmetal.
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by short-time annealing and use of an atomic layer deposition techniquewith diethyl-zinc and nitrous oxide
molecules as precursors for Zn andO, respectively. Thismethod enables the elimination of structural defects in
thefilm and greatly improves structural and optical properties of ZnOfilms [12].

Our calculations show that a Zn-monolayermay be formed on the ZnO/Al2O3 interface as well due to
considerable energy gain as is seen from table 3.

4.3. Estimation of adhesion energies of ZnOonα- Al2O3 for 30° rotated andunrotated species: role of
monolayers at the interface
Figures 8–11 representedmodel systems (slabs) used in our calculations. In particular figures 8 and 9 correspond
to a 30° in-plane rotation of the ZnOfilm relative to theα–Al2O3 substrate, whilefigures 10 and 11 correspond
to the hexagon-on-hexagon growth. Inclusion ofO- andZn-monolayers into the interface is combinedwith
using the Zn- andO-faced ZnO slabs, respectively. It is seen that some degree of ZnOfilm amorphization in the
close vicinity of the interfacesmay be found in all cases, though amorphization nearO-monolayers is clearly
larger. Nevertheless distortion of the ZnOwurtzite structure is localizedmainly on the double layer closest to the
interface, which is in linewith the high quality of ZnOfilms obtained in practice.

Table 4 presents a comparison of adhesion energies for interfaces withmonolayers (both Zn- andO-
containing) in the case of 30° rotated and unrotated ZnO films on the Al2O3 substrate.

It is worth noting that there is one specific factorwhich limits the accuracy of calculations in the framework
of the proposedmodel. Indeed, the calculated interfacial structure shows amorphous-like behaviour. Thus one
may expect the existence of a number of localminimawhen the ZnO slab is slid along the Al2O3 surface to get
different interface structures (similar to the procedure proposed in [52]). Rigorously speaking, onemust
calculate the potential energy surface on a two-dimensional grid to be sure that the globalminimum is obtained.
We expect that the larger the surface supercell used, themore important this issue becomes. In our concrete case
we deal with slabs of up to 460 atoms, for which several hundred steps are necessary for full geometry
optimization. Thus such bulk calculations are awkward.Nevertheless wemade some estimate for the rotated
ZnOfilm forwhich a 192-atom slabwas used. In this case we performed calculations in three different positions
of the ZnO slabwith respect to the Al2O3 one. It appears that variation of energy subject to variation of the
mutual slab positions is about 1.5 eV. Based on this estimate we believe that absolute errors in table 4 due to the
above-mentioned effectmay be as large as several hundredths (in eV/Å2 units). Thus data from table 4must be
handledwith care when the corresponding energies are relatively close to one another. Keeping inmind these
qualifications and based on data presented in table 4wemay draw the following conclusions:

a.A number of interface structures have noticeable adhesion energies and thus, in principle, may be realized
in practice depending on the growth conditions.

b. Inclusion of both O- or Zn-monolayers into the ZnO/Al2O3 interface structure leads to a substantial
increase in adhesion energies.

c.Calculations do not give unique answer to the question of what kind of domains (unrotated or 30° rotated)
are energetically preferable. Indeed, calculated differences between the adhesion energies of such domains
are rather small and are of the same order ofmagnitude as the uncertainties in total energy calculation of
slabs in a simulated interface which are estimated above. This is in line with numerous experimental
observations [10–12, 53, 54] that both rotated and unrotated domainsmay coexist or onemay prevail one
over another depending on the experimental conditions.

Table 4.Adhesion energies Eadh calculated for various interface structures. For
interfaces with a Zn-monolayer the lower values correspond to bulkmetal values
forμZn, and higher values correspond—to free atom chemical potential.

Atoms of Termination of ZnO Figure Eadh
monolayer ZnO surface slab (eV/Å2)

w/o Zn Rotated 8(b) 0.105

w/o Zn Unrotated 10(b) 0.139

w/o O Rotated 9(b) 0.126

w/o O Unrotated 11(b) 0.123

O Zn Rotated 8(a) 0.275

O Zn Unrotated 10(a) 0.268

Zn O Rotated 9(a) 0.334–0.459

Zn O Unrotated 11(a) 0.288–0.399
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5. Conclusion

ZnOandZn1−xMnxOfilmswere grown on (0001) sapphire substrate by plasma-assistedmolecular beam
epitaxy at temperatureTs=560°C.X-ray, electronic and optical structural studies have shown thatfilms have a
single crystalline columnar structure withmore unevenly distributed impurities and defects at the interfaces of
columns. Both the ZnOand the Zn1−xMnxOfilms have a hexagonal crystal structure of high quality with the
ZnOhexagonal cell rotated by 30° relative to the sapphire substrate. Only ZnOwurtzite bands have been
recorded for Zn1−xMnxOfilms inXRD andmicro-Raman spectra, while the presence of other secondary
structural phases such asMnO,MnO2,Mn3O4 or ZnxMn3−xO4was not detected.

The presence of intense bands in the region of 500–550 cm−1 in theRaman spectra of Zn1−xMnxOfilms
shows thatMn is embedded in a hexagonal lattice of ZnO.Despite their columnar structure, ZnO andZn1
−xMnxOfilms have very high crystalline quality, as indicated by the small FWHMof the (0002) line in 2ΘXRD
spectra and small FWHMofElow2 andEhigh2 phonon bands in the Raman spectra. Evaluation of the lateral
coherence length obtained fromx-ray analysis of Zn1−xMnxOfilms give values of∼900–400 nmwhich
corresponds to an average columndiameter. On the other hand coherent phonon lenght derived from the
Raman spectra is∼36–10 nm,which ismuch smaller than a diameter of the hexagonal Zn1−xMnxOcolumns.
For 2D growthwith screw dislocation density> 1010cm−1 the coherent phonon lenght corresponds to the alloy
fluctuations ofMn in a single crystalline columnofMn-doped films. This suggests that damping of phonons is
associatedwith a significant increase in the defect concentration at the columnboundaries.

First-principle density functional calculations were performed to understand the structural and energetic
characteristics of the ZnO/Al2O3 interface. The difficulties in performing such calculations are caused by a large
latticemismatch between ZnO and sapphire structures. This leads to the necessity of using themodel systems
(slabs) represented by supercells with asmany as 460 atomswith amorphous structure in the vicinity of the
interface, which in turn leads to bulk computations.

In the present workwe have considered various variants of ZnO/Al2O3 interface structures. Namely,
calculations were performed for bothO-faced andZn-faced ZnO surfaces. Based on calculations we predict the
existence ofO- andZn-monolayers at the interface for Zn- andO-faced surfaces, respectively. Such structures
are energetically preferrable and lead to greater stability of the ZnO/sapphire interface. In all cases
amorphization of the crystal structure in the vicinity of the interface is appears as a natural result of calculations
leading to reduction of internal strains originating from theZnO/Al2O3 latticemismatch.

An essential part of thework is devoted to clarification of the nature of ZnOdomains rotated by 30°with
respect to sapphire substrates. It appears that the energy states for the systemZnO/sapphire with rotated and
unrotated hexagonal cells are not very different, as is shown in table 4.Nevertheless, onemay conclude that
growth of 30°-rotated domains is somewhat preferred. These conclusions are in line with numerous
experiments where both types of domainsmay be obseved depending on the growth conditions.

We note that in the case of a Zn-monolayer which combines with anO-faced ZnO surface the adhesion
energy possess themaximumvalue of 0.334–0.459 eV/Å2 depending on the chemical potential of the Zn atoms,
which is specific to each concrete growthmethod.

Themost energetically profitable interface configuration obtainedwhenZn-monolayer is placed between
the (0001) sapphire surface andZnO film can facilitate the process of dopingwithMn atoms. Since the ionic
radii of Zn2+ andMn2+ are close to each other,Mn atomsmust substitute for Zn in ZnOfilms. This suggests
that grownZn1−xMnxOfilmsmay contain a significant number ofMn atoms at the interface, whichmay be
responsible for reducing the size of grains in Zn1−xMnxOfilmswith increasing concentrations ofMn.

Finally, we note that the present calculations were performed under the assumption that the ZnO film lattice
parameter accommodates to the lattice parameter of the sapphire substrate. However, it is obvious that such
accommodation is possible only for sufficiently thin films, while for thicker films the energy will rise due to the
appearance of large strains, which compensate for the energy gain due to the creation of new chemical bonds at
the interface. In the case of a rotated ZnOdomain, the energy rise is caused by the film thickness, and the related
appearance of stretching strain leads to effective film contraction in the lateral direction, whichmanifests itself
by the column-like film structures observed experimentally [12]. In this way, stretching strains inherent for
rotating domains are eliminated.

In conclusion, we note a number of unresolved problems concerning the behaviour ofMn in dopedZnO
films.Namely, the differences in the structure and concentration ofMn-related centers located at the interface
comparedwith the ones in the bulk-like regions of the film are still unknown.Onemay expect such differences
to be sufficient due to the interaction ofMnwithmonolayer atoms, with intrinsic defects specific for an interface
and due to the creation of smallMn complexes in the interface region.
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